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Abstract: Stimulated Brillouin scattering is an emerging technique for probing the mechanical
properties of biological samples. However, the nonlinear process requires high optical intensities
to generate sufficient signal-to-noise ratio (SNR). Here, we show that the SNR of stimulated
Brillouin scattering can exceed that of spontaneous Brillouin scattering with the same average
power levels suitable for biological samples. We verify the theoretical prediction by developing
a novel scheme using low duty cycle, nanosecond pulses for the pump and probe. A shot
noise-limited SNR over 1000 was measured with a total average power of 10 mW for 2 ms or
50mW for 200 ps integration on water samples. High-resolution maps of Brillouin frequency
shift, linewidth, and gain amplitude from cells in vitro are obtained with a spectral acquisition
time of 20 ms. Our results demonstrate the superior SNR of pulsed stimulated Brillouin over
spontaneous Brillouin microscopy.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Brillouin light scattering microscopy is a non-contact and label-free technique for probing the
mechanical properties of cells and tissues [1] with application in the study of tumor growth
[2,3], cell hydromechanics [4,5], tissue repair [6], cornea biomechanics [7,8], biomaterials [9,10],
etc. Conventional Brillouin microscopy measures thermodynamic fluctuations or naturally
generated mechanical pressure waves in a sample, but this spontaneous process has an inherently
weak scattering efficiency, which is independent of the probe power [11,12]. To overcome
this limitation, nonlinear Brillouin scattering techniques have been exploited [13—15]. The
mechanical waves are generated by dynamic electrostriction resulting from the interactions
of pump and probe beams, and the Brillouin scattering efficiency increases with the optical
intensity of the pump beam [16]. The recent demonstration of stimulated Brillouin scattering
(SBS) [17] using continuous-wave (cw) pump and probe beams required a substantially high
power (~265 mW) to obtain a signal to noise (SNR) comparable to the SNR of state-of-the-art
spontaneous Brillouin microscopy. This power exposure level, however, is not desirable for low
phototoxicity on biological samples such as live cells [18,19]. Here we demonstrate a pulse
scheme for stimulated Brillouin microscopy. Our scheme uses nanosecond pulses for both pump
and probe beams with high peak powers, but a modest level of average powers, to provide better
SNR performance than the previous cw stimulated Brillouin microscopy even with significantly
less power exposure on samples. We provide both theoretical and experimental frameworks of
pulse-enabled SNR enhancement in Brillouin microscopy.

As the third-order nonlinear effect, SBS has long been investigated in many areas in physical
sciences and optical engineering. The gain bandwidth of SBS in most solid materials and
liquids is several tens to hundreds of MHz. Therefore, the SBS generation is typically done
using nanosecond pulses. In fiber-optic telecommunications using pulsed modulation, significant
SBS may build up in the long transmission line. Nanosecond pulses are commonly utilized in
SBS for fiber-optic distributed sensing [20,21], optical signal processing [22], storage [23], and
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delay [24], and on-chip Brillouin lasers [25-27]. While these applications take advantage of
waveguide-assisted long acousto-optic interaction lengths typically in the order of centimeters to
meters, the application of SBS to microscopy brings a somewhat unique challenge in that the
effective acousto-optic interaction length is quite short in a range of 1-10 um, by tight focusing of
optical beams. With the constraint in optical power to samples, the amplitude of SBS gain can be
substantially low, and therefore, a detailed analysis of SNR, particularly in comparison to the
linear spontaneous Brillouin process, will be useful.

1.1. Theoretical SNR comparison of spontaneous vs. stimulated Brillouin microscopy

The spontaneous Brillouin scattering cross section per solid angle is known to be o =
v (v2
/14
kp the Boltzmann constant, 7 temperature, V volume of the interaction region, 6 the scattering
angle, and y = pde/dp the electrostriction constant where ¢ is dielectric constant and p is density
[11]. The angle dependence reflects polarization dependence. V = AAz, where A is the beam area
and Az is the effective acousto-optic interaction length In confocal Brillouin microscopy, Az is
approximately 2 times the Rayleigh length zg = — A2’ where NA is the numerical aperture of the
focused beam in the sample with a refractive index n. The scattering efficiency is S = o/A. By
integrating over the solid angle of confocal light collection, the theoretical maximum collection
efficiency of Brillouin scattering in the confocal configuration is given by [28]

o2 ( )kBT (1

n/l3

)k T(Hc—osg) [11,12], where A is optical wavelength, M is longitudinal modulus,

In an ideal (lossless and low noise) system, we get a ~ 5.4 x 10! for A= 780 nm from water
at room temperature. The total optical power of Brillouin scattered light is equal to aPy, where
Py is the optical power of the probe beam in the sample. The theoretical maximum SNR, defined
as the total measured power ratio of signal to noise, is:

2
(Jo naPodr)

SNRy = —=
Jo naPodt

=an(Py) T 2)

where 7 is the photon-to-electron conversion efficiency of photodetection (17 = 0.63 at 2 =780 nm
with 100% quantum efficiency), (Py) is the time-average optical power, and 7T is the integration
time. % (Pp) T = Ny is the total number of photoelectrons measured during the integration
time.

Now consider the stimulated Brillouin scattering between pump and probe beams that are
counterpropagating and overlap perfectly in a sample. The Brillouin gain for the probe light
P = gl,P,, where P, denotes the probe power, I, is the pump beam intensity,

and g(f) = % /12 (VMZ) % % is the Brillouin gain factor [16], where I" is the Brillouin

linewidth, f is the frequency difference between the pump and probe, fp is the Brillouin frequency
shift, and v = \/M/p is the longitudinal wave velocity. For water (I' * 350 MHz), we get
g(fz) =3.5 x107> um/W at A= 780 nm. The Brillouin gain for the probe is given by G = gl Az,
where Az is the acousto-optic interaction length. Due to the dependence on the pump intensity,
the gain decreases away from the focus, and Az 1s in the order of the Rayleigh length. The focused

Gaussian beam has a beam waist area A = 2 2 AZ Using I, = P, /A, where P), is the pump power,
we find G(fz) = bP,, with b ~ 1.0 x10~* W~! for water. In an ideal system, the probe power after

the sample becomes (1 + G)P,. For cw pump and probe beams, the shot-noise-limited SNR is

(T nGP,dry’

SNR2 () = n(1+G)P,T
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In non-ideal experimental systems with non-negligible electrical and other optical noises, in
order to measure the weak signal on top of the background probe light it is necessary to modulate
the pump peak power and extract the modulated amplitude of the probe. For instance, for cw
cases the pump power is modulated sinusoidally for lock-in detection. In this case, (P,,) = 0.5Pp.
For pulsed cases, the pump is a train of pulses with a duty cycle (the ratio of the pulse width
to the pulse period) of k. Then, we get (P,) = (P,) . To measure the difference between two
adjacent probe pulses with and without the pump, the duty cycle of the probe may be set to 2«,
and (P,) = 2P,«. This interlaced pulsed scheme is illustrated in Fig. 1. For the same <Pp> and
pump duty cycle, this process reduces the SNR in Eq. (3) by 4 folds since only a half of the probe
light interacts with the pump. If dual balanced detection is used to reduce the relative intensity
noise (RIN) in the probe beam, SNR would be further reduced by 2-fold since shot noise is
doubled in the dual balancing. With these factors considered, the SNR estimate in Eq. (3) is
decreased by a factor of 8.
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Fig. 1. Schematic of the interlaced pulse scheme for stimulated Brillouin microscopy. (a)
An optical setup with a probe beam and a counterpropagating pump beam. (b) The timing
diagram of pump pulses with a duty cycle x and probe pulses with twice the repetition
rate. The detector signal of the probe beam going through the sample is digitized and
integrated with specified boxcar windows. The difference of the integrated values between
each adjacent pair of windows (n0 without pump and n1 with pump) is recorded and plotted
as the frequency difference between the pump and probe light is scanned. This produces a
Brillouin spectrum.

To compare the spontaneous and stimulated regimes, we consider the same total optical
power (Py,) = (P;) + <Pp> and (Py,) = (Py), where the bracket indicates time average. With
the constraint on total power, SNR, is maximized when (Pp> = 2(P,) and, thus, Py = 3 (P,).
Considering the factor of 8 reduction described above, we get

v(Py)”

8«2

For a given duty cycle «, the SNR is proportional to (Py;)>. For the same average power, the
SNR increases with 1/«2. This is a major advantage of the pulsed scheme.

Figure 2 depicts the theoretical SNR per 1 millisecond integration time as a function of the
total average power on sample. The SNR of cw stimulated Brillouin microscopy (x=0.5) is lower
than that of spontaneous Brillouin microscopy even at (P;,;) =200 mW. With a duty cycle of 0.05,
pulsed stimulated Brillouin microscopy has a higher SNR than spontaneous Brillouin microscopy
for (P;,;) > 27 mW. The breakeven point decreases to 2.7 mW with a duty cycle of 0.005.

r (P,,):(_P;>=2:1 bZ(pm)2

SNR; (f) = 54,2
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Fig. 2. Theoretical plot of SNR per 1 millisecond integration time for different cases based on
Eq. (2) for spontaneous Brillouin microscopy and Eq. (4) for stimulated Brillouin microscopy.
The pulsed scheme with low duty cycle allows for a higher SNR than spontaneous Brillouin
microscopy with low power exposure to samples.

In the above, we have compared the peak SNR’s. Brillouin microscopy and spectroscopy
involves measuring the peak of the Brillouin spectrum or the Brillouin frequency shift, fz. In
spontaneous scattering, the signal in Eq. (1) contains all frequency components, from which fp is
determined using a spectrometer. However, in stimulated Brillouin scattering, only one frequency
difference is interrogated at a time. To determine f3, therefore, the frequency difference f must
be varied. Let us consider a linear tuning case where f is scanned over a range from fz — mI'/2
to fp + mI'/2, with a frequency step size of §f. So, a total of Ny = mI"/8f spectral points are
acquired over a total duration of N;7. We consider a general approximation for the uncertainty in

the peak Brillouin shift: oy ~ B,/ SII;R—Z{;), where B is a constant depending on the gain profile,

fitting function, and noise type, as well as the frequency scan range (Supplemental document).
We performed a computer simulation to find B = 0.8 for m>1.5 and B ~ (2m)~"*¢ + 0.64 for m<
1.5 (Supplement 1, Fig. S1). Previously, B =0.89 was derived for large m using Gaussian fitting
[29], and B =0.87 for m =1 were derived for a quadratic fitting method [30]. Inserting of = ’1’(,—{,
we can write

r

[ re _
oy =B SNRy(5) B(m)\/%—'—SNRg(fB)Ns &)

In spontaneous Brillouin spectroscopy, the scattering photons are accumulated for the same
integration time N,7T. Assuming there is no other noise background than the shot noise of
the signal photons [31,32], computer simulation gives oy = O.Sﬁ. Therefore, the same
uncertainty is obtained when SNR3(fg) = m SNR| for m> 1.5. A scan with m= 4, for instance,
gives 6 dB penalty for stimulated Brillouin spectroscopy. When m < 1.5, the same uncertainty
is obtained when SNR3(fz) = (0.41m~"! + 0.8m%%)> SNR; for m < 1.5. This coefficient has a
broad minimum at m in a range of 0.8 to 1.5 (Supplement 1, Fig. S1). This range is considered
the optimum in terms of measurement time efficiency, at which the equal uncertainty requires
SNR;(fg) ~ 1.5 SNR;, a modest penalty due to the frequency scan.

Any optical loss from the sample to detectors reduce SNR. For example, the need of an
ultrahigh-resolution high-extinction spectrometer [33] can impose substantial optical loss and
thus SNR penalty to spontaneous Brillouin spectroscopy. With such practical factors in mind,
the comparison in Fig. 2 can serve as a reference for instrumental benchmarking.
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2. Experimental results

2.1.  System configuration

Figure 3 shows a schematic of the experimental setup we constructed for pulsed Brillouin
microscopy. Two separate external-cavity tunable semiconductor diode lasers (Toptica TA Pro
for the pump and Toptica DL Pro with BoosTA pro laser amplifier for the probe) were used,
each emitting single-mode output at A=780 nm with less than 500 kHz linewidths. The output
frequency of the probe laser is locked to the rubidium atom D2 line in a vapor cell. The output
frequency of the pump laser is detuned through sweeping the piezo voltage of the laser. The
beating signal between the two laser outputs is detected by a fast photodetector (2 GHz bandwidth)
and monitored with a rf spectrum analyzer. Both the pump and probe laser beams pass through
Pockels electro-optic modulators (EOM, BME KG) and polarization optics to form optical pulses.
The pulse duration and repetition rate are tunable and determined by the EOM drive signal from
a pulse generator. The shortest pulse width possible is ~10ns. The probe and pump beams enter
a sample in the opposite direction and the opposite circular polarizations (same circularity in
the lab frame of reference). The outgoing probe beam is separated from the pump beam path
by a polarization beam splitter (PBS). The probe beam carrying Brillouin signal is directed to
pass through a pair of temperature stabilized narrowband etalons to suppress back-reflections
and elastic scattering of the pump beam into the probe beam path. The probe beam is focused
onto one port of a dual balanced detector (BD) with a bandwidth of 10 MHz (Newport Model
2107). The other port of BD is supplied by a probe beam tapped from the input beam path with
an appropriate fiber-optic delay line. The length matching between the two dual balancing beams
is critical for effective RIN suppression. The electrical signal from BD is sampled by a digitizer
NI5734 at 120 MS/s and data is directly processed in a field-programmable gate array (FPGA)
module (National Instruments, PXIe-7961R).
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Fig. 3. Schematic of the microscope system. BE: beam expander, BD: balanced detector,
BPF: 780 nm bandpass filter (AA=3 nm), BS: beam splitter, CCD: charged coupled device
camera, DBC: dichroic beam combiner, EOM: electro-optic modulator, FPBS: fiber polar-
ization beam splitter, Obj: objective lens (60X NA =1.1), OP: polarization maintaining
optical fiber, PBS: polarization beam splitter, PM: polarization maintaining fiber delay, P1
and P2: photodiodes, A/2: half-wave plate, and A/4: quarter-wave plate.
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In the signal processing, the acquired BD signal undergoes boxcar averaging with an adjustable
time window and delay in real-time using FPGA. The same averaging spans across the probe
pulse with and without SBS signal and returns a value respectively as signal (n1) and reference
(n0) slots. The signal slot is then subtracted from the reference slot and return a difference slot.
The interlaced subtraction is immune to slow intensity variations that may occur due to sample
scan and mechanical vibrations as well as RIN components below the pump repetition rate.
The processed spectral data are sent to a main computer for further data processing including
frequency calibration and curve fittings.

2.2. Characterization of SNR and uncertainties

Figure 4(a) shows a typical Brillouin spectrum obtained from distilled water with a pulse width
of 100 ns at a period of 2 ps for the pump and 1 ps for the probe. Therefore, x =0.05. The
optical powers at the sample are: P, =1W, (Pp> =50mW, P, =50mW, (P,) =5mW (twice the
duty cycle of the pump). The peak probe power at the detector was 20 mW, slightly below the
saturation power of the detector. To acquire the entire Brillouin spectra, the probe frequency
was linearly swept over a range of 2 GHz in 20 ms. For each frequency sweep, 10,000 boxcar
data (n1-n0) are acquired with a boxcar integration window size of 280 ns. For real-time display
and post-analysis, the data are typically reduced to 100 spectral points. Therefore, the effective
integration time of each spectral point is 7 =200 ps. Each gain spectrum is curve-fitted with
Lorentzian function to retrieve the amplitude, frequency shift, linewidth I'. The noise o within
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Fig. 4. Experimental data obtained from water. (a) Brillouin gain spectrum obtained with
100 ns pulses. The measured peak SNR at 5.05 GHz is 1280, and the linewidth is 316 MHz.
(b) SNR vs. pump peak power at P-= 50 mW, (c) SNR vs. probe peak power at P,= 1 W.
SNR over 1000 is measured with (P,,) =45 mW. (d) Brillouin frequency shift uncertainty
oyp vs. probe peak power at Pp=1 W. (¢) SNR vs. pulse width at P,=1W and P,= 50 mW,
(f) SNR vs. pulse width 7 at (P,) = 10mW and Pr= 50 mW. With x =0.01, SNR over 1000
is measured with (P;y;) = 10 mW. Error bars: standard deviations over 100 measurements.
The data integration time is 200 ps in (b-e) and 2 ms (f). Circles, experimental data. Red
curves, theory (polynomials).



Research Article Vol. 31, No. 12/5 Jun 2023/ Optics Express 19824 |
Optics EXPRESS A N \

the spectrum is computed from the standard deviation of the data outside the Brillouin gain
profile. SNR is determined as the ratio of the amplitude squared to the noise squared.

We acquired Brillouin spectra of distilled water over 100 repeated frequency sweeps and
analyzed statistical variations. The gain coefficient b is determined to be ~1 x 10 m?/W from
the spectra. Careful optical alignment is critical in obtaining the theoretical gain coefficient. The
SNR increases quadratically with the pump peak power, as expected, in Fig. 4(b). SNR increases
linearly with the probe power as in Fig. 4(c). This shows evidence that the detection scheme is
shot noise limited. A detailed SNR analysis specific to the interlaced boxcar signal processing
is described in Supplemental document. The linear increase of SNR leads to the reciprocal
decrease of Brillouin frequency uncertainty, as shown in Fig. 4(d). In Fig. 4(e), SNR increases
linearly with the pulse width of the pump and probe while their peak powers are held constant.
This is consistent with Eq. (4) when both the total average power and duty cycle are proportional
to the pulse width. To verify the dependence on the pulse duty cycle, we vary the pulse width for
the same repetition rates (0.5 MHz for pump and 1 MHz for probe) at constant average pump
power and constant peak probe power. As expected, SNR increases with the reciprocal of duty
cycle, as shown in Fig. 4(f). Reducing the duty cycle to below 0.01 is expected to increase SNR
even further until the pulse duration is comparable to the lifetime of acoustic waves, which is on
the order ~1 ns. However, due to instrumentation constraints, this limit was not tested in our
study. With the measured Brillouin linewidth of 318 MHz for water, the scan range of 2 GHz
makes m = 6.3, which is far more than necessary for time-efficient spectroscopy. The measured
uncertainties were the same when we used only the spectral data between 4.7 and 5.3 GHz for
curve fitting. This corresponds to a spectral integration time of 6 ms.

3. Cellular imaging and time-lapse fluctuations

Brillouin imaging is demonstrated with HeLa cancer cells. The prepared cells attached on the
glass of a glass bottom dish filled with buffer solution. The laser focal spot size is about 0.7
um, and the pixel interval is 0.25 um. The acquisition time per pixel is 20 ms. The same 2 GHz
scan range was used. Figure 5 show the cellular maps of Brillouin frequency shift, amplitude,
and linewidth. Nucleoli are clearly identified by higher frequency shifts. Linewidths tend to be
higher in the cytoplasm than in the nucleus. The Brillouin linewidth is related to the reciprocal
of the finite lifetime of Brillouin-generated acoustic waves due to their absorption and scattering
in the medium. An inverse correlation between the Brillouin gain and linewidth is apparent. The
total number of Brillouin scattered photons over the full spectrum is independent of the Brillouin
linewidth in both stimulated and spontaneous scattering.

Figure 6 show the time-lapse traces measured with an integration time of 20 ms. The nucleolus
has the largest uncertainty in Brillouin frequency shift. From the time-lapse data, we measure
f8=5.11+£0.0079 GHz and I'=0.38 + 0.031 GHz in the cell medium. In the nucleolus, we
measure fp=5.51+0.03GHz and I'=1.01 £0.118 GHz. From the Brillouin data, we can
determine the complex longitudinal modulus, M = M’ + iM"’. We derive

1= 2
M = p—2 (6)
(1+9?)
144 2
M = p?— )
1+

where v = %fg and y = fLB When y < 1, M’ ~ pv*(1 = 3y?) and M” ~ 2pv?y (Supplement
1). For the cell medium, we obtain M’ =2.36 GPa and M” =0.96 GPa. For the nucleolus,
(using p/n*=0.565 g/cm?, the same as water) we obtain M’ =2.20 GPa and M” =0.33 GPa.
The histograms show normal distributions. With an increased integration time of 200 ms, oy
is reduced to 3.1 MHz and 7.8 MHz and, with 2 s integration, to 0.66 MHz and 3.3 MHz in the
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Fig. 5. Brillouin images of live cells in vitro. (a) Brillouin frequency shift, gain, and
linewidth image of a HeLa cancer cell, accompanied with bright-field images (gray) and

confocal fluorescent images (indigo: nucleus, red: membrane). Number of pixels: 100 x 240
(H x V) in (a) and 200 x 100 in (b).

(@, (b)

56 — 1.6 Cell medium 16
| I M Wil I Nucleolus 5
5 54 Nucleus m 1.2 123
Chanll = A A A S o =
S 5 2| it il Cytoplasm § 08 08g
L L s gt Medium 3 0.4 0435

L — Y — R

0O 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Time (s) Time (s)
(c) (d)
~ 1.6 Nucleolus 1.6 > 160
5 1.2 123 777" Theory
=z =
% 0.8 0.8 § 3 80
2 0.0 WONNM I 0435 ©
c ~
ST 0L | e
0O 10 20 30 40 50 60 70 80 5.428 5.518 5.608
Time (s)

Brillouin frequency shift (GHz)

Fig. 6. Time-lapse fluctuations of Brillouin parameters at fixed locations in a sample. The
spectral acquisition time is 20 ms. (a) Brillouin frequency shift, (b) Linewidth and amplitude
in the extracellular culture medium, (c) Linewidth and amplitude in the nucleolus, and (d)
histogram of Brillouin frequency in the nucleolus with a Gaussian fit.

medium and nucleolus, respectively. In this dataset the fluctuations are governed by SNR and

apparently not by other physical or biological changes. Further investigation of intracellular
dynamics is beyond the scope of this paper.
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4. Conclusion

Using the pulse scheme for SBS microscopy brings marked precision over exposed laser power
benefits as compared with spontaneous Brillouin and cw SBS schemes. The interlaced boxcar
method was effective to retrieve the SBS signal with shot noise-limited SNR. No signs of
photodamage were observed in the cells during the entire experiment. In a long-term operation,
the pulse width is currently limited to 100 ns due to excessive heating in electronics, resulting in
a duty cycle of 0.05. The optical power efficiency is expected to be improved further by reducing
the pulse width to 10 ns (duty cycle of 0.005) and raising the peak power of pump on sample,
while setting the average power to a desired level. Compared to spontaneous Brillouin microscopy,
SBS microscopy requires optical access to a sample from two opposite sides. However, this
disadvantage can be managed in many in vitro and on-chip settings, as well as for thin tissue
slices. Our results show that pulsed SBS microscopy can provide better SNR performance for
interrogating such biological samples.
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